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Abstract: We describe novel optical switching schemes operating at 

femtosecond time scales by employing free carrier (FC) excitation. Such 
unprecedented switching times are made possible by spatially pattern¬ 
ing the density of the excited FCs. In the first realization, we rely on 
diffusion, i.e., on the nonlocality of the FC nonlinear response of the 
semiconductor, to erase the initial FC pattern and, thereby, eliminate the 
reflectivity of the system. In the second realization, we erase the FC pattern 
by launching a second pump pulse at a controlled delay. We discuss the 
advantages and limitations of the proposed approaches and demonstrate 
their potential applicability for switching ultrashort pulses propagating in 
silicon waveguides. We show switching efficiencies of up to 50% for 100 
fs pump pulses, which is an unusually high level of efficiency for such a 
short interaction time, a result of the use of the strong FC nonlinearity. 
Due to limitations of saturation and pattern effects, these schemes can be 
employed for switching applications that require femtosecond features but 
standard repetition rates. Such applications include switching of ultrashort 
pulses, femtosecond spectroscopy (gating), time-reversal of short pulses 
for aberration compensation, and many more. This approach is also the 
starting point for ultrafast amplitude modulations and a new route toward 
the spatio-temporal shaping of short optical pulses. 
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1. Introduction 

Developing the ability to control the optical properties of matter dynamically has been a topic of 
intense research for many decades. Such control is necessary, for instance, in modern computer 
technology, which is based largely on semiconductor components - such as transistors and 
diodes - that are the building blocks of analog and digital circuits. The functionality of such 
components is based on the ability to modify their performance reversibly at a high bit rate. 
Similarly, in communication systems, switchable semiconductor components are used for tasks 
such as information encoding, modulating, multiplexing, routing, and frequency-shifting. 

In these cases, modifications of the refractive index are typically performed repetitively 
within fixed time intervals that are rarely shorter than Ri 10 ps, i.e., at sub-THz rates. Many 
other applications, e.g., time-resolved spectroscopy and optical data processing, require faster 
modifications (i.e., having femtosecond features), yet with no need to exceed the THz repeti¬ 
tion rate IM . Fundamental studies, such as real-time cavity quantum electrodynamics and the 
control of quantum states of matter, likewise require controlling the refractive index at fem¬ 
tosecond time scales. In the current work, for brevity, we use the term “switching” to describe 
a general modification of the refractive index that occurs repetitively at a given rate, but the 
modification does not need to be purely sinusoidal. In some places, this process is also referred 
to as the dynamic tuning of the refractive index |l3]-[8l . 

The main mechanism in use for modifying the optical properties of solids is the excitation of 
free charge-carriers (FCs) iMa . FC excitation is frequently accomplished electrically, e.g., by 
an injection or a depletion of carriers with a bias voltage. However, there is also growing interest 
in optical switching, whereby a strong pump pulse with a frequency that exceeds the energy gap 
is absorbed and generates electron-hole (e-h) pairs 012lll3lll5lfT6ll . This plasma has a Drude-like 
contribution to the dielectric constant of the semiconductor, resulting in a refractive index that 
is lowered proportionally to the pump intensity (i.e., it is a nonlinear effect), reaching values 
as high as A«/n ~ 10^* 013II15I . However, while the decrease of the refractive index occurs at 
time scales ranging from a few tens of femtoseconds (e.g., in silicon) to several picoseconds 
(e.g., in GaAs) QSl, the refractive index relaxes to its equilibrium value at much longer time 





scales, depending on the dominant material relaxation mechanisms. These range from no less 
than several tens of picoseconds to a few nano-seconds lUMISl- 

A faster alternative for optical switching employs the Kerr effect, a nonlinear optical effect 
originating from the non-resonant response of bound, low-mass electrons and results in nearly 
instantaneous response times. However, the changes to the refractive index associated with 
the Kerr effect are weak: they rarely exceed A«/« ^ 10^^ — lO^"*^ lfT5l[T9l . Accordingly, the 
efficiency in Kerr switching is low even for very high intensities. 

To benefit from the best of both worlds, i.e., to achieve fast yet large refractive index changes, 
several routes have been explored with the aim of shortening the lifetime of the FC. Popular ap¬ 
proaches include resonant phonon absorption ll20ll . reverse-bias on semiconductor heterostruc¬ 
tures ETHU, ion implantation ll25H29ll , or operating at low temperatures Il30l432l . However, 
such approaches can reduce the FC lifetime to a few picoseconds, but not faster. Worse, this is 
usually achieved at the cost of increased absorption and scattering and of mounting technolog¬ 
ical complexity. 

In the current paper, we propose two alternative approaches for femtosecond-scale FC-based 
switching Unlike standard optical switching, which predominantly employs a single intense 
pump pulse that is spatially uniform, we consider a configuration based on a highly spatially 
non-uniform pump pulse. In particular, we consider the case where the index modification varies 
periodically in one spatial direction. Such configurations are known as Bragg gratings (BGs) 
and are the simplest periodic photonic structures, also known, by analogy with solid-state 
physics, as photonic crystals 13^ . The periodicity of the optical properties creates a spectral 
band in which the propagation of electromagnetic waves perpendicular to the grating is prohib¬ 
ited. The BGs induced by the pump have a finite temporal duration {Transient Bragg gratings, 
TBGs) and are, in effect, a sub-class of dynamic ally-tuned photonic crystals |[3l. TBGs were 
proposed for various applications, including as wavelength filters and multiplexers in optical 
communication systems, as highly reflective mirrors in fiber lasers, or as temperature and strain 
gauges in fibers. On the fundamental level, TBGs have been used for spectroscopy in gases and 
for studying FC recombination rates in semiconductors, see ifThll and references therein. They 
can be generated through interference of two pump beams, by using phase masks, or through 
the generation of a (transient) standing wave profile, as in photosensitive fibers |[34l. 

In our configuration, we utilize the unique ability of TBGs to be erased on almost arbi¬ 
trarily fast times scales (Fig. [Til. In one realization (see Fig. Hla)), we rely on an intrinsic 
property of the FCs, namely, diffusion, to induce ie//-erasure of the BG; in the second real¬ 
ization (see Fig. lltb)), we rely on a slightly more complex switching scheme consisting of 
two spatially staggered pump pulses. By using these approaches, we demonstrate theoretically 
switching times that are as short as a few tens of femtoseconds, i.e., up to 2 orders of mag¬ 
nitude shorter than the fastest standard switching times in semiconductors. Importantly, this 
decrease in switching times is achieved just with a simple modification of the illumination 
scheme, hence, without the increased absorption and scattering associated with the standard 
material-based approaches 112011251 - 12^ . and with no need to resort to low temperatures ll30l - [^ . 

To achieve the fastest response, we focus on switching low quality (Q)-factor systems E 
inniiEa. Although we use the terminology and schematics appropriate for optical switching 
of semiconductors, the concept also applies to more general (e.g., electronic-based) switching, 
e.g., with interleaved PN junctions 03611371 . and to other material platforms. In some of these 
cases, one may need to distinguish between majority and minority carriers. 

The paper is organized as follows. In Section|2l we review the standard model for FC non¬ 
linearity and show how the limitations of standard switching approaches are manifested in this 
model. In Section|2 we introduce the diffusion-based switching approach, which relies on ex¬ 
citing an initial periodic pattern of FCs. In Section [4] we introduce an even faster switching 
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Fig. 1. Schematic illustration of the proposed switching techniques, (a) A single periodi¬ 
cally modulated pump (red arrows; note that the distance between the arrows is assumed 
to correspond to half the wavelength of the forward signal) which generates a pattern that 
self-erases due to diffusion, (b) A dual pump scheme, in which the second pump pulse is 
shifted by half the spatial period, such that it erases the index contrast generated by the first 
pump pulse. 


technique that relies on a double pump scheme, in which the second pump erases the periodic 
pattern generated by the first pump. In Section 0 we introduce a simple model for pulse prop¬ 
agation in a semiconductor waveguide based on coupled-mode theory ll3^ . In Section |6] we 
provide specific examples for the two novel switching schemes, based on numerical solutions 
of the model, and discuss their implementation for time-reversal of short optical pulses. In Sec¬ 
tion |7] we summarize the results, compare them to previous works and provide a brief outlook 
for possible future extensions. 


2. Free-carrier nonlinearities 


The change of the complex refractive index of the semiconductor resulting from the interaction 
with an intense pump wave has been studied extensively 1^ . In contemporary literature lfT3l 
[TSl . it is customary to approximate the measured change in the refractive index with the free 
electron Drude-like model. In this case, the modification of the complex refractive index can 
be written as the product of the material polarizability with the optically generated FC volume 
density N, namely, as ioi 


An{x,y,z,t-(Os,COp) = ( (7„(®s;«(a),.))-F /—] N{x,y,z,t-COp), 
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where the FC refractive index shift (c7„) and the FC absorption (o),) cross-sections are given by 
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Here, Sq is the vacuum permittivity, e is the electron charge, c is the speed of light in vacuum, 
is the effective optical mass of the FCs, and To is the total FC collision rate. The cross- 
sections are evaluated at the signal frequency (0,, with the refractive index of the semiconductor 














n appearing as a parameter. Note that Eq. ([Til includes only the contribution of intraband transi¬ 
tions of excited PCs to the optical properties, whereas the contribution of interband transitions 
(such as band-filling effects, exciton formation, etc.) were neglected. This neglect is justified 
for intermediate values of FC densities that are sufficiently high to allow screening effects to 
wash out the excitonic signature, but that are not sufficiently high to make band-filling effects 
substantial 1^ . This approach is valid specifically for silicon ifTSll with FC densities in the 
order of 10*^ — lO^^cm^^. In any event, the neglect of these effects will affect the following 
discussion only quantitatively. 

The FC distribution N obeys the diffusion equation. 


dN{x,y,z,t) 

dt 
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where D is the ambipolar FC diffusion coefficient (assumed, for simplicity, to be space- and 
density-independent). Tree is the FC recombination time, and G is the volume density of gen¬ 
erated FC rate in the semiconductor. The latter equals the pump energy density dissipation rate 
divided by the energy of the absorbed photons 
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where Up is the linear (amplitude) absorption coefficient of the semiconductor at the pump 
frequency cOp and Ip is the spatio-temporal profile of the pump field. Note that in Eq. (O we 
neglect the contribution of multiphoton absorption, an assumption valid for sufficiently weak 
pump intensities or for pump frequencies within the absorption band. 

In the vast majority of cases, the pumping is uniform, Ip{x,y,z,t) = Ip{t), and thus, diffusion 
is unimportant. Then, the solution of Eq. (|2]i is 


N{t;cOp) 




G(t'', C0p)dt', 


(4) 


where Nmax = V^'^^p.oTp, and where Ip Q is the peak pump intensity and Tp is the character¬ 
istic duration of the pump, which determines the rise time of the temporal step-function nistep- 
In fact, if the pump duration Tp is shorter than the thermalization time (the time at which the 
hot FCs generated by the pump start affecting the optical properties of the semiconductor), the 
latter should replace Tp. Hence, for generality, we denote the switch turn-on time as Trise- 

As noted, the typical FC recombination time is in the order of several nanoseconds m ; in 
some configurations, it can be shortened to several tens or even to a few picoseconds j^ . 
Thus, since the pump duration is typically shorter than the recombination time, the FCs 
persist long after the pump pulse has left the system. In this case, the FC density (jUi has 
a fast rise time associated with the pump duration, and a much slower fall time associ¬ 
ated with the recombination rate GMISl; accordingly, Eq. (|4]i is asymptotically reduced to 

t 

N{t; (Op) ~ Nmaxe ms,ep(t/Tp). 

More generally, the recombination time scale thus usually serves as the effective duration of 
the index modification and as the conventional limiting factor for ultrafast switching based on 
FC generation BTIl . Specifically, the repetition rate of the pump pulses must be sufficiently low 
to allow the system to relax back to its equilibrium state (i.e., to allow all FCs to recombine), 
such that pattern effects and saturation are avoided Il42lj44ll . 




3. Ultrafast switching based on particle diffusion 

We now assume that the pump pulse generates a transient FC distribution with a one¬ 
dimensional spatial period d (in the z direction), such that 


Giz,f,C0p) = ^^Ei^Ip{t){l+Ccos{27tz/d)), 

il Ojp 


(5) 


see Fig.|3a). The parameter 0 < C < 1 determines the grating contrast, with C = 1 correspond¬ 
ing to the maximal contrast. The specific form of Eq. (|5]l emphasizes the fact that in the majority 
of physical realizations of such a periodic index modification, the average of the FC pattern is 
not zero. 

As noted previously QEiiia, such an induced TBG will effectively reflect the incoming 
signal when the period is roughly half the wavelength of the signal wave. Thus, a TBG can be 
used to impose substantial amplitude modulations on the forward signal or serve as an efficient 
way of switching a signal between two channels, e.g., by using a circulator. 

Under these conditions, FC diffusion is no longer negligible; on the contrary, it becomes the 
dominant effect because it causes the decay of the grating contrast. Specifically, an asymptotic 
solution of Eq. (|2]i shows that the EC distribution now has two components 



(6) 


where we assume, for simplicity, that Trise is the shortest time scale in the system (otherwise, the 
relative magnitude of the two terms in Eq. (|6]l may differ slightly). The first term is associated 
with the uniform (average) part of the index modification, which, as described above, decays 
on the time scale of the recombination time Tree- However, more importantly for our purposes, 
the second part of the EC density (|6]l shows that the periodic component of the generated EC 
density decays on a time scale given by T^i/f = (^) D The (particle) diffusion coefficient 
is approximately D ~ SOcm^/s for semiconductors such as silicon or germanium, and it is as 
much as an order of magnitude lower for doped GaAs and InP ifTbl . Thus, for d ^ Kffl'^ with 
iieff ~ 2.5 and Aq = 1500 nm, we find that Tsw = Tdiff ^ 600 fs, i.e., it is orders of magnitude 
faster than the recombination rate. Consequently, the effective switching time 7^^., i.e., the time 
at which the optical functionality (namely, the reflectivity of the system) is turned off, is deter¬ 
mined by the diffusion time T^iff, rather than by the recombination time Tree- Note that the high 
refractive index of semiconductors serves to reduce the effective wavelength, hence, to reduce 
the switching times. Importantly, such fast switching times are achievable with a wide range 
of semiconductors, with no need to resort to low temperatures, complicated nanostructuring, 
surface treatment, or material modifications (such as ion-implantation). As a byproduct, these 
fast switching times do not involve the additional scattering/loss mechanisms that are usually 
associated with material modifications. Notwithstanding, it is important to note that the sys¬ 
tem returns to its equilibrium state only on the time scale of Tree- Thus, this approach enables 
switching at femtosecond/eafures, but not at a femtosecond repetition rate, i.e., the limitation 
on repetition rate remains the same as in standard (i.e., uniform) switching techniques. 

On a basic physical level, our configuration exploits the non-local nature of the semiconduc¬ 
tor nonlinearity, an aspect that is usually neglected. 

4. Ultrafast switching based on two staggered BGs - the write-erase technique 

Eurther increase of the switching speed can be obtained by employing a second, delayed pump 
pulse that is spatially shifted by half the period of the generated BG. This second pump erases 
the BG generated by the first pump by making the EC distribution uniform in z; we refer to this 





approach as a “write-erase” technique. The switching time Tsw is now simply the delay time 
between the two pump pulses, regardless of material parameters, such as recombination time 
or even diffusion times. 

More quantitatively, in this case, the pumping has the form 
G(x,y,z,t) = {lp{t)[l+Ccos{2nz/d)]+Ip{t-Tsw)[i-Ccos(2nz/d)]} . 

f'l (Jjp 

Accordingly, the FC density is given by 

N{z,t) = Nmax{e^'^ [mstep{t/Trise) + nistepUt - Ts„)/Trise)] 

/'2n \ ' 

+ Ceos f —z\ e ‘'Iff [mstep{t/Trise) “ m^ep {{t - Ts„)/Trise)]}, (7) 

where, for simplicity, we assume T^i/f ^ Ts„. This approach requires a delicate spatial align¬ 
ment of the two pump pulses. However, the diffusion will render this approach relatively insen¬ 
sitive to inaccuracies in this alignment. 


5. Model - governing eqnations 

To exemplify in a realistic configuration the possibility of femtosecond-scale switching based 
on FCs as described above, let us consider a pulsed signal wave propagating in a (semicon¬ 
ductor) waveguide with a uniform cross-section and a refractive index of n„g, surrounded by a 
medium with a refractive index We assume that the power of the (forward) signal wave can 
be represented as a product of a carrier wave + c.c., a modal profile Ff{x^y; (Of) 

that depends on the transverse coordinates x and y, and an envelope Ay (z,f) that depends on 
time t and the longitudinal coordinate z. The (potentially complex) propagation constant can be 
written as j3/ = I5f{(0f) = kfneff{(Of), where kf = (Of/c is the free-space wavevector and n^yy 
is the effective index of the (forward) mode /. 

We further assume that the signal wave propagation is perturbed by an intense pump beam 
that generates a transient, periodic modification of the refractive index of the waveguide, given 
by 

Ae(x,y,z,f) =2eQn„gW{x,y)An{z,t), (8) 

where W{x,y) represents the dependence of the index change on the transverse coordinates 
(normalized, for simplicity, to unity peak value). This function allows for transverse FC non¬ 
uniformity due to pump absorption or reflections. Such inhomogeneities are small for thin 
waveguides and can be further reduced by adopting the detailed considerations described 
in iniiia. Moreover, diffusion will serve here, again, as a fast homogenization mechanism 
for the FC density. Thus, we assume that realistic inhomogeneities are not sufficient to ex¬ 
cite additional modes, especially, since those are not likely to be phase-matched. In fact, such 
coupling is essentially absent in thin (single mode) waveguides. 

By using Eqs. ([T]i and (|7]i, we rewrite the change of the refractive index as 


Au{z,t) = An„,axm{z,t), A« max 


an{(Of;neff{(Of)) + i—aai(Of;n,ff{(Of)) ]N,„ 


(9) 


where the cross-sections are now evaluated at the effective index of the guided mode at the 
signal frequency (Wi = (Of) BOl . In that sense, it should be noted that dynamic changes of the 
initial values of the cross-sections and differences between the cross-sections of the forward 
and backward pulses due to the frequency shift are assumed to be small. Moreover, m{z,t). 



which describes the spatio-temporal dependence of the FC density, is given by 


m{z,t) = md{t) + Ccos\^—zj mc{t), (10) 

where nid and me are associated with either the diffusion-based switching scheme (|6]l or with 
the write-erase scheme (|7]i- 

If the period of the perturbation is approximately half the effective wavelength of the signal 
(i.e., if the detuning of the perturbation period from the propagation constant of the (forward) 
mode, defined as 5^ = j3/ — is much smaller than jif), then the forward signal will be coupled 
effectively to the backward propagating mode (whose power is given by Aj,). In the absence of 
coupling to any other mode (e.g., for single mode waveguides), a straightforward extension of 
standard (i.e., purely spatial) coupled mode theory (see, e.g. JSSj) to pulse propagation shows 
that the evolution of the forward and backward pulses is given by (see isiiia): 

dtAf + Vgd^Af{z,t)—2iVgKmei{t)Af = iCvgKmc{t)e^^‘^'‘^Ah{z,t), ( 11 ) 

dtAh — VgdgAh{z,t) — 2iVgKmd{t)Ah = iCvgKme{t)e^'^’^^Af{z,t), ( 12 ) 


where Vg is the group velocity (equal for both modes), and the complex coupling (and distortion) 
coefficient is given by 


^^max 

K = eoCOf —-— Ofb, 


(13) 


with 




= ^bf = ^hf = Off = Ohh = 


J j \Ff{x,y,0}f)\^W{x,y)dxdy, (14) 


being the spatial overlap of the forward {Ff) mode and backward mode Ff, = Ff with W{x^y). 
From Eqs. (HB-Call, it is clear that K represents the distortion that the forward and back¬ 
ward waves undergo (third terms on the left hand sides) as well as the coupling between 
them (terms on the right hand sides). Specifically, the distortion terms arise from the fact 
that the mean FC distribution typically persists long after the pump pulses have left the sys¬ 
tem; see Eq. © and the discussion that follows it. Hence, the generated backward pulse, as 
well as the remains of the forward pulse, still need to propagate out of the switched region 
through a non-zero EC density. While doing so, they would suffer from absorption and phase- 
distortion (hence, potentially also shape-distortion). The distortion terms also give rise to a 
frequency blue-shift due to the decrease of the mean refractive index. The distortion terms 
have a step-function shape in time for the diffusion-based scheme, e.g., 

nistep = 5 (1 +taiih(f/7'„'5e)) (see Eq. ®), and a double-step shape for the write-erase con¬ 
figuration, e.g., OTrf = [nistep{t /Trise) +msiep ((f - Tsw)/Trise)] (see Eq. ©). On the other 

hand, as noted, the diffusion causes an erasure of the BG such that nie is time-localized. These 
temporal profiles are shown schematically in Eig. |2] 

The initial conditions for this set of equations are, e.g., for a Gaussian input pulse. 


Af{z,t=0) =e 



Ab{z,t=0) =0, 


(15) 


where 7/ is the (forward) signal pulse duration and zo is its location at f = 0. 

Equations (fTTT i- lfT^ are valid for many physical configurations and are similar to those de¬ 
rived for bulk media in previous studies 0[8]|45l. However, the current model accounts for a 
realistic waveguide configuration and material parameters, and it includes additional effects, 
such as a possible non-uniformity of the pumping, absorption, complex chirp, and frequency- 
shift induced by the switching. 




t (fs) t (fs) 



t (fs) t (fs) 


Fig. 2. Schematic temporal profiles of the distortion (top) and coupling (bottom) profiles in¬ 
duced in the diffusion-based switching scheme (left; varying Trise) and write-erase switch¬ 
ing scheme (right; varying Ti^). 


6. Solution of the propagation equations 

Eqs. (fTTli- (fT2l) can be solved numerically for a wide range of parameters. They can also be 
solved analytically by using the Rabi approach (i.e., by ignoring the spatial relative movement 
of the forward and backward pulses (walk-off); see BtI ) or the low efficiency limit (see ||7] 
dlllSl)- We obtained good agreement between the numerical and analytical solutions in these 
limits (not shown). However, these analytical approaches hold only in first-order in A«, and 
therefore, analytical predictions of forward-to-backward switching efficiencies exceeding a few 
tens of percent should be viewed with a grain of salt. Indeed, unlike standard coupled equations 
for two modes (see, e.g., M), the current equation system cannot be solved analytically for 
all efficiencies due to the relative movement (walk-off) between the forward and backward 
waves. Thus, an accurate and complete optimization of the switching efficiency can only be 
accomplished numerically. Below, we present some typical examples; however, we leave the 
complete optimization to a future study. 

The efficiency can be increased by shortening the switched region to the minimal length, 
which is comparable to the longitudinal length of the signal wave. In this case, the backward 
waves - and the remains of the forward waves - captured inside the switched region can escape 
quickly before suffering a considerable absorption. Typically, this escape time is short relatively 
to the recombination time, and, therefore, one can ignore the decay of the uniform part of the 
FC distribution. 

In all the configurations below, we assume zero detuning, n^ff = 2.5, X = 1550 nm, such that 
the diffusion time is Tjiff ^ 600 fs. In addition, we set C = 1 and To = 100 fs (typical to single¬ 
crystalline silicon) and assume that the switched region has the size BvgTf with 2 < B < 6. 
Other material parameters were taken from Ill5ll49ll50l . 










6.1. Diffusion-based switching scheme 

Figure [3a) shows the maximal normalized power of the backward wave obtained from the 
numerical solution of Eqs. ([TTl i- ([T2l l for the diffusion-based switching scheme with 7/ = 1 
ps, Ts„ = Tdiff = 600 fs and ffise = 50 fs. The associated changes in the refractive index are 
in the order of 10^^, which corresponds to a maximal FC density of approximately N,nax 
10*^/cm^; this is achievable in e.g., silicon with pump energy density of about lOjiJ/cnP' 
and an absorption coefficient of 10^/cm (Xpump = 400 nm). The switching efficiency initially 
grows for increasing switching strength, but it eventually drops as the FC absorption becomes 
dominant. The corresponding forward and absorbed peak power are shown in Figure|3b-c). For 
the highest index changes presented, one can see the signature of the Rabi oscillations discussed 
in ED, damped by FC absorption and distorted by forward-backward pulse walk-off. For the 
minimal switching spot size (B = 2), the reflection/switching efficiency is approximately 50%. 
For a longer switching spot {B =■ 6), the backward pulse must propagate a longer distance 
through the absorbing FCs, hence, the efficiency is somewhat reduced (~ 36%). Figure |3d) 
shows the switching Figure of Merit (FOM), defined as the ratio of the backward and forward 
waves. One can see that the FOM reaches high values in excess of 5 for long modulation regions 
at experimentally accessible index modifications. 

We emphasize that the achieved switching efficiencies are unusually high for such short 
interaction times. Indeed, such interactions times were usually available only with the much 
weaker (instantaneous) Kerr effect; however, employing the stronger FC nonlinearity and rely¬ 
ing on linear absorption enables efficient switching with relatively low pump intensities, see, 
e.g.,lllll. 



Fig. 3. Peak power of the (a) backward wave, (b) forward wave, (c) absorption and (d) the 
ratio of the backward and forward wave peak power for the diffusive switching scheme for 
Trise = 50 fs, Tf = 1000 fs, Ts„ = 600 fs. The length of the modulated region is given by 
6 = 6 (dashed blue line) and 6 = 2 (solid black line). 


6.2. Write-erase switching scheme 

Figure|3b) shows the same data as in Fig.|3a) for the write-erase scheme for Tf = 100 fs. For a 
switching (and rise) time of 7)^ = ffise = 50 fs, we get approximately 35% switching efficiency. 
When the delay between the pulses is extended to Tsw = 150 fs, the performance is similar 
but attained at correspondingly weaker pumping. Note that these efficiencies are attained with 
about an order of magnitude stronger pumping relative to the diffusion-based scheme, but it 
allows switching at features that are approximately an order of magnitude shorter. The FOM is 
substantially lower than in the diffusive-switching scheme, due to the stronger FC absorption. 

6.3. Time-reversal of short optical pulses 

The switching scheme described above can be employed for wavefront-reversal of the incoming 
pulses, as an essential step towards a complete time-reversal of the signal pulse ||7]|8][43. This 







Fig. 4. The same as Fig.[3for the write-erase technique with Ts„ = 50 fs and 6 = 2 (black 
solid line) and 6 = 6 (dashed blue line) and = 150 fs and 6 = 2 (dash-dotted red line). 


process requires the switching to be non-adiabatic, i.e., 7/, to ensure that the backward 

pulse has the same temporal profile and spectral content as those of the incoming signal pulse; 
these conditions are satisfied in all the simulations shown above. However, as mentioned, the 
non-zero mean of the index change results in a blue-shift of the carrier frequency of the pulses. 
Thus, to retrieve the original carrier frequency (necessary to attain accurate time-reversal), one 
must shift the carrier frequency back to that of the incident pulse. This can be accomplished, 
for example, through a standard phase-conjugation with the pump frequency red-shifted with 
respect to the input frequency, such that the resulting conjugated wave will have the same fre¬ 
quency as that of the input pulse. Such a process can be accomplished at a high efficiency CSl 
and is necessary, in any event, to complete the wavefront-reversal into a full time-reversal (see 
discussion in HI). Alternatively, converting the backward wave frequency back to that of the 
incoming signal frequency can be accomplished by removing the generated PCs while the re¬ 
versed pulse is still within the switched region. This alternative will serve also to reduce the 
absorption during the post-switching stage, thereby improving the switching efficiencies and 
the FOM, and will be useful to minimize pattern effects and saturation, which would accumu¬ 
late after several switching cycles 043114411511 . For that purpose, one needs to resort to standard 
FC depletion techniques 02311241 . 

7. Discussion and future prospects 

We described a novel approach, based on FC generation, for optical switching at femtosecond 
time scales. By generating a periodic pattern of FCs, we enable the self-erasure of the grating by 
particle diffusion on sub-picosecond times. This is the first time, to the best of our knowledge, 
that diffusion is used for such a purpose. In principle, heat diffusion, mediated, for instance, 
by particle collisions, will also contribute to the grating erasure. An even faster erasure can be 
achieved by using a second pump pulse that is spatially-shifted by half a period. We demon¬ 
strated the scheme for a standard silicon waveguide configuration and observed unusually high 
efficiencies for the pump durations in use. 

As in earlier studies that rely on somewhat similar ideas with uniform switching Il42lj44l . 
our approach requires working at repetition rates that allow the system to relax to equilibrium 
between subsequent switching events, so as to avoid pattern effects and saturation. However, 
our proposed approach is more general, more compact (employing only a single channel), and 
spectrally selective. More importantly, our approach involves a fundamental study of time- 
dependent optical systems, unusual coupling between temporal and spatial degrees of freedom, 
and unusual wave-mixing interactions (i.e., between long and short pulses). We specify several 
applications wherein such switching characteristics are required, and elaborate on the appli¬ 
cability of our approach to one of those applications, namely, to time reversal of short optical 
pulses. 






As a final note, it should be mentioned that we assumed that the BG is longer than the pulse; 
however, switching with different structures, such as with BGs of finite lengths or with inten¬ 
tional defects, can pave the way to many novel applications. For example, such configurations 
may allow for pulse shaping, short pulse generation, and ultrafast amplitude modulations. 
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